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Stabilization of broad-area VCSEL radiation by additional external optical
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In this paper, the dynamics of a broad-area semiconductor surface-emitting laser with a vertical resonator

(VCSEL) is theoretically investigated. The freely generating laser is subject to modulation instability leading

to radiation filamentation. A method of injecting external optical radiation to stabilize the dynamics of such a

device is proposed. It is shown that a beam of external optical radiation of weak amplitude suppresses both the

modulation instability developing in a broad-area VCSEL and the boundaries-induced filamentary dynamics. In

addition, varying the beam width of the external optical radiation allows us to obtain various stationary spatial

structures (rings and hexagons). The threshold values of the amplitude of external optical radiation necessary for

stabilization depending on the beam width of external radiation and the curvature of the pump current profile are

determined.
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Introduction

Semiconductor laser diodes with a traditional strip design

have a broad range of practical applications. However,

a considerable number of disadvantages of such devices

stimulated the search for alternative designs of laser diodes,

which include semiconductor lasers with a vertical cavity

surface emitting laser (VCSEL). The group manufacturing

technology and the ability to test devices directly on the

manufactured board can be defined as the main features of

VCSEL. At the moment, such devices are in high demand

for solving various practical tasks. In particular, VCSEL are

used in high-speed fiber-optic information transmission and

processing systems, sensors and sensors of various types,

and high-performance computer systems. At the same

time, due to their small size, the output power may not

be sufficient for efficient use. It is usually suggested to

increase the transverse aperture of the device for solving

this problem. But the implementation of such an approach,

in turn, results in a significant deterioration of the quality

of the beam due to the involvement of a large number of

spatially transverse modes [1–3].

Broad-area lasers, in turn, can be divided into dynamic

classes based on the characteristic values of the rates of

relaxation processes (classes A, B, C, D) [4]. The lasers of

the dynamic class B are the most common and sought-for in

numerous applications. It is characteristic of this class that

the relaxation rate of polarization is much higher than the

relaxation rates of inversion and field. This particular class

of lasers will be considered in this study. As previously

mentioned, the interaction of a large number of transverse

modes results in the degradation of the quality of radiation,

which is attributable to the development of various space-

time instabilities. Semiconductor broad-area lasers of the

class B are known to be characterized by the development

of wave instability, which results in the filamentation of ra-

diation [5–7]. Moreover, the Faraday instability may develop

in class B lasers in case of a temporary modulation of the

pump current, which may result in irregular dynamics, or to

the formation of spatiotemporal patterns [8,9]. Broad-area

vertical-cavity surface-emitting lasers (VCSEL) of class B

are characterized by the modulation instability [10–13].
However, the same type of instability can also occur in class

A lasers. Modulation instability is also the cause of highly

irregular dynamics in the system, and can form stationary

spatial structures: stripes and hexagons [14–17].
Effective approaches to the suppression of irregular space-

time dynamics are needed for a wide practical use of

VCSEL of class B. Quite a few different methods of laser

beam stabilization have been proposed to date. A large

number of studies address the methods based on spatial

modulation of the pump current, refractive index and joint

modulation of these two parameters [13,18–22]. It was also
proposed to use spatiotemporal modulation of the pump

current profile [10,11], but this stabilization method works

most effectively in class A lasers, whereas it is effective only

in a narrow range of modulation parameters in class lasers

B. Another alternative approach was proposed in Ref. [23]
based on the use of specially designed intracavity photonic

crystals that modulate the refractive index in both the

−1 449



450 11th International Symposium on Optics and Biophotonics September 25–29, 2023, Saratov, Russia

longitudinal and transverse directions. At the same time, a

significant improvement in the spatial quality of the output

beam was obtained due to spatial filtration of radiation.

Recently, it was proposed to change the geometry of the

resonator [24], in particular its curvature [25,26] to improve

the quality of laser radiation.

Circuits with feedback and additional external optical

radiation is another direction of stabilization methods.

Semiconductor lasers with optical injection have been

studied quite widely, not only because of their numerous

applications, but also because of the rich variety of their

dynamic behavior. The continuous external optical radiation

can act as a control input parameter and result in the

formation of optical solitons [15,27–29]. The external

optical radiation was also shown to be able to stabilize the

dynamics of the laser [9,30–33]. There is a known effect of

”
frequency locking“, which allows locking the master laser

with the slave in phase and frequency, which can improve

the device characteristics with respect to frequency chirp

and reduce noise [34–37]. It was proposed to use radiation

filtering using the Fourier transform in feedback system in

for improving the quality of radiation [38].
Moreover, the external additional radiation allows obtain-

ing a spatially homogeneous beam. The external optical

radiation of low amplitude was shown to suppress the

radiation filamentation in semiconductor broad-area class B

lasers caused by both wave instability and Faraday instability

associated with time modulation of pumping [7,9,31].
It is impossible to completely match the frequency of

the generated radiation with the external one in the optical

injection experiments, but it was shown that the presence of

a small frequency detuning does not destroy the stabilization

effect [32,33]. The stabilization effect was achieved by

suppressing relaxation oscillations characteristic of class B

lasers.

The shape of the boundaries of the pumping region will

affect the dynamics of the optical field in real broad-area

lasers. A high sensitivity to the boundaries of the pumping

region was found in class B semiconductor lasers for a

widely used profile of the type
”
top-hat“, which results in a

filamentous dynamics induced by the boundaries [5]. It was
shown that the realistic case of optical injection in the form

of a Gauss beam does not lose efficiency in the model for a

broad-area semiconductor laser of class B [31], suppressing
both the development of wave instability and filamentation

associated with the impact of boundaries.

The external optical injection method can also be very ef-

fective for broad-area VCSELs. The weak coherent injection

was shown to suppress the modulation instability in broad-

area VCSEL [14,39]. However, the impact of optical

injection on the simultaneous suppression of modulation

instability and instability induced by boundaries in broad-

area VCSEL has not been studied before.

The primary purpose of this study is to show that the

irregular dynamics of the optical field of the broad-area

VCSEL, caused by modulation instability and instabilities

at the boundaries of the pump current profile, is effectively

suppressed by an external optical injection beam of weak

amplitude, which makes it possible to obtain a spatially

homogeneous laser beam. The impact of the injection beam

width on the value of the injection threshold amplitude is

studied in this paper, and the impact of the curvature of

the pump current profile on the efficiency of the method

is also considered. Moreover, it will be shown that it is

possible to switch between different transverse stationary

field distributions by varying the beam width of the external

optical injection.

This study is organized as follows. A mathematical model

describing VCSEL with additional external optical radiation

is provided in Sec. 1. The stabilizing effect of optical

injection is shown in Sec. 2 and the graphical dependencies

that allow choosing the most effective characteristics of the

external optical radiation beam for stabilization are also

provided. The possibility of forming various stationary

intensity distributions (rings and hexagons) depending on

the beam width of external optical radiation is demonstrated

in Sec. 3. The results obtained in this paper are discussed

in the final section.

1. A mathematical model of a broad-area
surface-emitting laser with external
optical radiation

The dynamics of a broad-area VCSEL emitting in one lon-

gitudinal mode can be described using a system of Maxwell-

Bloch differential equations for dimensionless envelopes of

an electric field E and population inversion N [10,11]:

{

∂E
∂t =−[1 + iθ+2C(iα−1)(N−1)]E+i1⊥E+Ein j,
∂N
∂t =−γ

[

N−I+|E|2(N − 1)
]

+γd1⊥N.

(1)

Here 1⊥ is a two-dimensional transverse Laplacian

describing the diffraction and diffusion of carriers in

the transverse direction. The carriers in the active region

are generated by the pumping current I . The time t is

normalized for the lifetime of the photon in the resonator

τp = 11.7 ns. Let L be the length of the cavity of the

resonator, then the spatial coordinates (x , y) are normalized

to
√

a =
√

Lλ0/2πT = 4.39µm, where λ0 is the central

wavelength, and T is the transmission coefficient of the mir-

rors. The diffusion coefficient is determined by d = l2D/a ,
where lD = 1 µm is the characteristic diffusion length.

θ = ωτp is frequency detuning of the resonator. Let’s

introduce a dynamic constant γ = τp/τn, where τn is the

relaxation rate of population inversion. The envelopes were

normalized as follows: E =
√

εncτnA
~ω

Ẽ, N = Ñ
Ñ0
, I = Ĩτn

eVa Ñ0
,

Ẽ , Ñ, Ĩ are dimensional variables; Va is volume of the

active medium, Ñ0 is density of media at which the active

medium becomes transparent, A is the gain factor. The

value C = ALÑ0

2T is called the bistability parameter. The

table shows the values of typical dimensionless physical
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Basic physical parameters

Physical parameters of VCSEL,

used for numerical calculations

Mathematical Parameter Value

Model parameter

Diffusion parameter, d 0.052

Henry factor, α 1.5

Frequency detuning, θ −1.5

Dynamic constant, γ 0.1

Bistability parameter, C 0.6

0 0.1 0.2 0.3 0.4

L

–0.04

–0.02

0

0.02

0.04

q

qlimit

Figure 1. Dependence of the value of the real root 3 on the

wave vector q of transverse modes (dispersion curve).

parameters of the system (1) [10,11], for which calculations

were performed in this paper.

The study of the stability of a homogeneous stationary so-

lution of a system of equations with respect to infinitesimal

space-time perturbations is an universal method for studying

possible dynamic processes in lasers. The homogeneous

stationary solution of the system(1) has the following form

in the absence of external optical radiation

N0 = 1 + 1/2C, E0 =

√

I − N0

N0 − 1
, θ = −α. (2)

The system of equations (1) was linearized earlier in

Ref. [14] near the solution (2) and a cubic dispersion

equation was obtained with respect to perturbations of

the form exp(i(qx x + qy y) + λt). The coefficients of this

equation depend on q2, stationary values N0, |E0|2 and are

given in Ref. [14,39]. The dependence of the value of the

real root 3 of the obtained cubic dispersion equation on the

wave vector q of the transverse modes (i.e., the dispersion

curve) is shown Fig. 1 for the parameters from the table.

There is a range of wave numbers 0 < q < qlimit for which

the real root is positive, which indicates the modulation

instability of the spatially transverse modes.

The wave transverse instabilities are characterized by the

remaining pair of complex conjugate roots of the cubic

dispersion equation. In this case, the real parts of the

complex conjugate roots for the system parameters from the

table over the entire space of wave numbers are negative.

This means that the spatially homogeneous generation

mode (2) in this system is exposed only to one type of

instability — modulation instability.

But such a conclusion, about the importance of the

impact of only modulation instability on the dynamics of

the laser field, is valid if the impact of the boundaries of

the pumping region is not taken into account. A high

sensitivity to the boundaries of the pumping region was

found in Ref. [5] for class B laser, which can result in

the filamentation induced namely by the boundaries in the

absence of sufficient smoothing of the pumping profile.

Therefore, the shape of the pump profile is usually close

to uniform in the central part in broad-area laser with a

relatively slow (smoothed) decrease towards the edges of

the aperture.

We will use a pump current profile that meets these

criteria to simulate the dynamics of VCSEL. In particular,

they are well matched by a super-Gaussian profile, which

has the following form

I = I0 exp(−0.5((x2 + y2)/w2
0)

n), (3)

for which we choose the amplitude of the pumping

current I0 = 1.85, w0 determines the distance at which the

pumping current decreases by
√

e times, and the value n is

the rate (sharpness) of the profile amplitude decay at the

edges of the aperture compared to the value on the axis.

The implicit Crank-Nicholson scheme which is certainly

stable was used for the numerical solution of a system of

equations (1). A spatially homogeneous laser generation

mode was chosen as the initial conditions (2) with the

addition of low amplitude noise. The irregular dynamics

develops both in time and in the beam cross-section as

a result of the presence of modulation instability in the

system and taking into account instabilities caused by the

boundaries of the pumping region (Fig. 2). Obviously,

such dynamics of the optical field greatly limits the use

of such lasers. Sec. 2 shows how the external optical
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Figure 2. Dependence of the generation intensity on time for the

parameters from the table and the pump profile in the form (3)
with I0 = 1.85, width w0 = 350µm and n = 10.

−1∗ Technical Physics, 2024, Vol. 69, No. 3



452 11th International Symposium on Optics and Biophotonics September 25–29, 2023, Saratov, Russia

injection method can improve the optical quality of broad-

area VCSELs.

2. Stabilizing effect of optical injection

The external optical injection can effectively suppress

modulation instability and stabilize the dynamics of VCSEL

as shown in detail in Ref. [14,39]. Let’s briefly look at

why this is happening. The addition of external optical

radiation of amplitude Ein j0, resonant to the laser generation

frequency, strongly changes the homogeneous stationary

solution for the field (2), which is now described by the

implicit expression (4):

|Ein j0|2 =|E0|2
[(

−α + 2Cα

(

I + |E0|2
|E0|2 + 1

− 1

))2

+

(

1− 2C

(

I + |E0|2
|E0|2 + 1

− 1

))2]

. (4)

The stationary value N0 is still determined by the

expression (2).
Implicit expression (4) connects the values of the ampli-

tude of the external optical radiation and the corresponding

new stationary values. A nontrivial stationary solution E0 of

the form (2) is obtained from (4) with Ein j0 = 0. It is equal

to E0 ≈ 0.14 for parameters from the table.

The study of the roots of the cubic dispersion equation

obtained by linearization near the stationary state (4) allows
constructing a bifurcation diagram (Fig. 3) on the plane

of transverse wave vectors q and stationary values E0 (4),
determined depending on injection amplitudes. An increase

of the amplitude of the external optical injection changes the

homogeneous stationary value E0 and reduces the region of

unstable wave numbers at which the real root 3 of the

dispersion equation is positive. The critical value of the

0.15 0.25 0.30 0.35

q

0.1

0.2

0.3

0

| |E0

0.4

0.5

0.20

Einj0 = 0.02 Einj0 = 0.05

Figure 3. Bifurcation diagram for wave numbers q and the

modulus of stationary values of the amplitude of the optical

field E0. The area of modulation instability is shaded in gray.

The blue line highlights a range of unstable wavenumbers with an

injection amplitude of 0.02. The absence of intersections of the

red line (for the injection amplitude 0.05) with the modulation

instability region indicates stabilization of the radiation.
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Figure 4. Intensity distribution for the parameters from the

table and the pump profile in the form (3) with I0 = 1.85,

width w0 = 350µm and n = 10 and the shape of the external

optical injection beam (5) with amplitude Ein j0 = 0.05 and

width w = 263 µm (a) time dependence (b) transverse intensity

distribution in time moment 40 ns.

injection amplitude will be equal to Ein j0 = 0.03 for the

considered parameters. The region of unstable q does not

exist with Ein j0 > 0.03, i.e. the laser generation is stabilized.

The effective stabilization described above was achieved

under the assumption of flat pump profiles and optical

injection. For a practical assessment of the effectiveness

of the optical injection method, it is desirable to take into

account both the current pumping profile of the laser and

the impact of the shape of the external radiation beam. For

this purpose the dynamics of a laser described by a system

of equations (1), parameters from the table, with a pump

profile (3) and an optical injection beam of the form was

numerically calculated in this paper

Ein j = Ein j0 exp(−(x2 + y2)/w2), (5)

where Ein j0 — radiation amplitude, w — beam width.

The numerical solution of a system of differential equa-

tions (1) taking into account the shape of the external optical

radiation beam and the pump current profile showed that

instabilities are still effectively suppressed (Fig. 4, a) and an

unfilmented output beam is acquired. Taking into account
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width w external radiation for the pump current profile (3) with I0 = 1.85, n = 10, and w0 = 350 µm.
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form of a Gaussian beam with an amplitude of Ein j0 = 0.02 and width of w = 263 µm; b — stationary distribution of the intensity in the

form of hexagons with the presence of an external optical radiation in the form of a Gaussian beam with an amplitude of Ein j0 = 0.02

and width of w = 439µm.

realistic contact forms of the pump current and the external

radiation beam does not destroy the stabilization effect, but

a time-stable intensity distribution occurs, which is close

to homogeneous distribution in cross section with a weak

modulation (Fig. 4, b).

At the same time, our calculations show that the threshold

value of the injection amplitude at which stabilization is

observed significantly depends on the shape of the pump

profile. In particular, the injection threshold value decreases

in case of smoothing the sharp edges of the pump profile

(decrease of n) which indicates a decrease of sensitivity to

edge effects. The resulting dependence is shown in Fig. 5, a.

The beam has a shape with a flatter top and sharp edges in

case of large values of n. The amplitude threshold of optical

injection was found to generally decrease by about 2 times

with a decrease of the degree of n. The dependence

of the threshold injection amplitude on the width of the

injection beam is also determined (Fig. 5, b). As expected

for boundary-induced instability, the threshold of stabilizing

injection strongly depends on the amplitude of the injection

beam near the pump edges. The threshold amplitude of the

external radiation rapidly decreases with an increase of the

width of the injection beam and tends to the limit value

Ein j0 = 0.03, corresponding to the flat injection front.

3. Formation of stationary spatial
structures in a broad-area laser
with external optical injection

Modulation instability can result not only in spatially

irregular dynamics, but also in the formation of stationary

spatial structures. Ref. [14] showed that it is possible
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Figure 7. a — dispersion curve demonstrating the maximum

increment of increase for the injection amplitude Ein j0 = 0.02;

b — spatial spectrum for the case of 5 rings; c — spatial spectrum

for hexagons.

to form stationary optical fields in the form of stripes

and hexagons in the broad-area VCSEL system by correct

selection of the amplitude of the external optical injection,

which is represented by a flat front. Earlier, it was shown

in Fig. 3 that external optical radiation with an amplitude of

Ein j0 = 0.02 shifts the homogeneous stationary solution E0

along the bifurcation diagram (blue line), as a result of

which the region of unstable wavenumbers q is significantly

reduced, this favours the formation of regular patterns

instead of chaotic filamentation of the optical field.

The results of numerical modeling showed that taking

into account the shapes of the pump current profile (3) and

the external optical injection beam (5) does not prevent

the formation of stationary regular spatial structures. Rings

were obtained instead of stripes in the considered geometry.

Moreover, it was found using numerical modeling for the

first time that it is possible to switch between rings and

hexagons by changing the beam width of external optical

radiation. For example, it was shown that an intensity

distribution in the form of five rings is formed for an external

optical injection beam with an amplitude of Ein j0 = 0.02

and a width of w = 263 µm as shown in Fig. 6, a. By

increasing the beam width of the external optical injection to

w = 439 µm, it is possible to obtain a stationary distribution

in the form of hexagons, as shown in Fig. 6, b. The

mechanisms of the emergence of such structures and the

switching between them deserve further study.

It is possible to state that the spatial size of the obtained

structures correlates with the results of the linear analysis of

a stable dynamic system (1). In fact, a disperse curve for

the case with injection Ein j0 = 0.02 is plotted on Fig. 7, a.

Wave number qmax ≈ 0.38 for which the value of the valid

root is maximum is marked on this curve. The spatial

mode with the largest eigenvalue results in its strengthening

by suppressing all other growing modes according to the

”
winner-takes-all“ circuit. A spatial spectrum of the far field

was obtained for the case of five rings using the inverse

Fourier transform, (Fig. 7, b), on which, in addition to the

central peak of the finite width (due to the finite width of

the pump profile), a secondary maximum in the form of a

ring with a radius of 0.5 is clearly visible. The radius of the

ring is in satisfactory agreement (within 20%) with linear

analysis results. The error is explained by the contribution

of nonlinear effects of harmonic interaction in the formation

of such essentially nonlinear stationary spatial structures.

The spatial spectrum for hexagons (Fig. 7, c) is also in

satisfactory agreement with linear analysis.

Therefore, stationary spatial structures of various shapes

can be obtained by varying the parameters of external

optical radiation. Similar spatial intensity distributions can

be used in many applications, including optical memory.

The study of the processes of formation of such structures

makes it possible to control the spatiotemporal intensity

profile and generate optical radiation with the required

output characteristics.

Conclusion

In this work, it is theoretically demonstrated that external

optical radiation can effectively stabilize the dynamics of a

broad-area semiconductor laser with a vertical resonator of

class B. At the same time, non-planar profiles of the pump

current and the injection beam were taken into account.

Based on the Maxwell-Bloch equation system, the efficiency

of optical injection was studied to suppress both modulation

instability and instabilities induced by the boundaries of the

pumping current in a class B laser. The proposed method

of external optical injection makes it possible to change the

spatiotemporal distribution of the intensity of the generated

radiation from highly irregular to spatially homogeneous

with weak modulation in the beam cross section.

Moreover, the external optical radiation makes it possible

to obtain stationary spatial optical structures of various

shapes. The type of stationary spatial structures can be

controlled by changing the amplitude and width of the beam

of external optical radiation.

The revealed stabilization effect turns out to be quite

sensitive to the shape of the pump current profile. The

efficiency of the injected radiation increases as the edges of

this profile are smoothed. The dependences of the threshold

amplitude of the external optical radiation on the degree of
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curvature of the profile and the beam width of the external

optical injection are obtained.

Therefore, the work demonstrates that external radiation

effectively suppresses instabilities, which makes it possible

to obtain an unfilamented output beam regardless of the

impact of boundaries.
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